The catalytic reduction of carboxylic acid derivatives has witnessed a rapid development in recent years.
Introduction
The hydrogenation of carboxylic acids and their esters (Scheme 1) is receiving increased attention in the context of upgrading of bio-based feedstocks. Seed and vegetable oils, which are important bio-based resources, can be transformed into fatty alcohols and other bulk chemicals. [1] [2] [3] [4] Fatty alcohols in particular find their application as intermediates in the production of fragrances, 5 pharmaceuticals, 6 detergents, 7 emulsifiers 8 and lubricants. 9, 10 Common pathways used to produce fatty alcohols are (1) direct hydrogenation of oils and fats 11, 12 or (2) hydrogenation of fatty acids and their methyl esters (FAME, biodiesel). The latter is a commodity chemical, produced annually on a 9 Mt scale in the European Union alone. 13 Many bulk chemicals including polyesters and polyurethanes 14 can be synthesised using diols [14] [15] [16] [17] obtained via the hydrogenation of dicarboxylic acids and their esters. [18] [19] [20] In a broader context, ester hydrogenation is also relevant as one of the key steps in a potential route to valorise carbon dioxide 21, 22 and in green methanol production. 23 In the presence of homogeneous catalysts, CO 2 (or CO) can be reduced to methyl a Inorganic Materials Chemistry group, Schuit Institute of Catalysis, Eindhoven formate, which can then be further reduced at low temperature to methanol. 24, 25 Finally, the hydrogenation of carboxylic acid derivatives is a powerful tool in synthetic organic chemistry. Alcohol products typically formed in such reduction reactions offer great potential for further synthetic functionalization. For example, these alcohols can be derivatized by selective dehydrogenation, 26, 27 oxidation, 28, 29 amination 30 and acceptorless dehydrogenative coupling towards esters, amides and imines. [31] [32] [33] Consequently, the catalytic reduction of carboxylic acids and their esters can yield a vast number of useful products such as bulk platform chemicals or fine-synthesis intermediates.
Historically, stoichiometric methods were used for the reduction of acids and esters. The Bouveault-Blanc-reduction 34 one of the early methods used to reduce esters -involves reaction with elemental sodium in absolute ethanol. 35 In this process, a total of four equivalents of Na are required to convert the ester to the corresponding alcohol. Due to the risks associated with the handling of alkali metals and the significant production of waste, the Bouveault-Blanc reduction has largely been replaced by other processes involving metal-hydrides as reducing agents. 36 Such hydrides as LiAlH 4 or NaBH 4 can be successfully employed for the reduction of a wide range of esters. However, the stoichiometric nature of such processes results in large amounts of waste. 20 Other disadvantages include tedious work-up procedures and the hazards associated with the handling of highly reactive hydride compounds. 37 Compared to stoichiometric methods, catalytic processes are more attractive from environmental as well as economic viewpoints. They offer higher atom and energy efficiencies. In particular, the use of molecular H 2 as the reducing agent allows reaching 100% atom efficiency.
Nevertheless, catalytic hydrogenation of carboxylic acids and their esters is a challenging transformation, particularly due to the low electrophilicity of the carbonyl carbon and the difficulties associated with polarizing the carbonyl group of the substrate. 38 Acid anhydrides are, accordingly, the most reactive towards reduction, followed by imides, esters, lactones, free acids and, finally, amides (Scheme 2). Additional complexity stems from the fact that esters, lactones and carboxylic acids may interconvert under applied reaction conditions. Given the He is chairman of the Netherlands Institute for Catalysis Research (NIOK) and board member of the European Research Institute on Catalysis (ERIC). His research interests include mechanisms of heterogeneous catalysis for natural and synthesis gas conversion, biomass conversion, as well as topics related to synthesis of porous catalysts and catalysis for solar fuels.
Evgeny A. Pidko different reactivities of acids, esters and lactones towards hydrogenation, the product distribution in the catalytic reaction may differ dramatically depending on the extent of interconversion.
As a result of the resistance of carboxylic acids, esters and lactones towards reduction, an effective catalyst formulation is required. Current heterogeneously-catalysed processes are operated at harsh conditions with temperatures in the range 200-300 1C and H 2 pressures of 140-300 bar. 39 Therefore, side reactions and degradation of the reaction substrates and products may occur. Although this might not be a concern for the production of many bulk or technical grade chemicals, it limits the applicability of this approach for the transformations of highly functionalized compounds in fine chemical synthesis. Even the reduction of relatively simple dicarboxylic acids and their esters can suffer from the formation of ethers, lactones, hydroxycarboxylic acids and hydrocarbons as by-products. 40, 41 Although conventional Cu and Zn chromite catalysts and RANEY s Ni can catalyse the reduction of esters and fatty acids 42, 43 and they can even be chemoselective, 43 considerable improvements in catalyst performance are needed to improve the process in terms of economic efficiency and environmental impact. In addition, the harsh operation conditions needed to maintain the high activity of these catalysts may lower selectivity in the reduction of highly functionalised or less stable substrates. Therefore, the development of catalysts that display high chemoselectivity at reduced temperatures and pressures is desired. With these objectives, the search for new catalyst formulations has dominated the heterogeneous catalysis research field, with the majority of works featuring bimetallic catalyst design. Interestingly, heterogeneous catalysts developed during the last decade share many common properties with their homogeneous counterparts. For instance, they rely strongly on the cooperation between different catalyst components and show a pronounced bifunctional behaviour.
Regarding the growing interest and important findings reported in literature in recent years, heterogeneous catalysis will hold the main focus of this review. The most important developments in heterogeneous catalysis for conversion of carboxylic acid derivatives will be described. In addition, we will describe the recent advances in the field of homogeneous ester hydrogenation and discuss the similarities between homogeneous and heterogeneous hydrogenation catalysts. Until now, this comparison has been rarely made in the literature; we expect that drawing this parallel will prove useful for future research. Finally, we will present an outlook in which the reaction mechanisms proposed for heterogeneous and homogeneous catalysis will be assessed in an attempt to make a next step towards a unified mechanistic description of these catalytic systems.
Heterogeneous catalysis in ester hydrogenation

Early catalyst designs
Starting in the early 1930's, a series of important breakthroughs was made regarding the design and application of ester hydrogenation catalysts. Pioneering works by Adkins focused on Cu/Cr/Ba oxide-containing catalysts and their application to a range of oxygenated substrates. Esters could be converted over these catalysts with the alcohol yields generally in excess of 90%. [44] [45] [46] [47] Although Adkins-type catalysts (CuO/CuCr 2 O 4 ) require harsh operating conditions, they are still used to manufacture fatty alcohols at the industrial scale due to resistance of the catalyst structure to free fatty acids. The composition of these catalysts has remained largely unchanged since their discovery. [48] [49] [50] Due to the broad application of chromite-based catalysts, research into Cr-free alternative formulations has been undertaken and the use of Cu-Fe-Al mixed oxide systems was proposed. 51 It was found that the Cr-induced promotional effect on Cu was largely preserved on substituting the Cr component for Fe. Addition of Al was suggested to improve the catalyst stability by preserving the crystallinity of the Cu-Fe spinel (CuFe 2 O 4 ) as well as a high dispersion of the active Cu phase. The comparable high activity, selectivity and stability of this catalyst were demonstrated during 20 days on-stream in a pilot plant facility with a capacity of 35 000 tpa. 51 In addition, the use of RANEY s Cu and Ni catalysts for the selective hydrogenation of carboxylic acids and their esters has also been reported in the patent literature. [52] [53] [54] [55] Studies on supported Cu catalysts have received much attention, with early works dealing with vapour-phase hydrogenation of simple esters such as methyl and ethyl acetate. [56] [57] [58] [59] These studies on the model compounds provided a thorough insight into the kinetics of ester hydrogenation, which is well described in several articles by Evans et al. from the late-1980's. [56] [57] [58] Noteworthy, the hydrogenation of ethyl acetate over RANEY s Cu showed first order in H 2 and a À0.5 order in ethyl acetate. 56 In other works from this period, the rates of hydrogenation for a series of different esters containing the same acyl group were compared. 57, 58 Studies addressing the hydrogenation of dimethyl succinate over copper chromite have also provided information on previously unknown reaction pathways. 59 The consecutive mechanism was highlighted in which the initial hydrogenation of dimethyl succinate to g-butyrolactone (GBL) and CH 3 OH were followed by further hydrogenation of GBL to give THF and H 2 O. The low reactivity of Cr-free Cu/SiO 2 catalysts can be enhanced by the addition of ZnO. [60] [61] [62] Some controversy remains as to which Cu oxidation state(s) promote the reaction with some researchers claiming a high Cu 0 surface area favouring methanol synthesis, 63 while other experimental work implies that well-dispersed Cu + ions in close contact with ZnO phases may represent the catalytically active species. 64 The long term stability of the catalyst is essential for industrial application. Critically, the hydrogenation of natural fatty acid esters over Cu-containing catalysts suffers from fast catalyst deactivation by sulphur and phosphate containing compounds present in bio-derived feedstocks. [65] [66] [67] This phenomenon has been thoroughly investigated for Cu/SiO 2 and Cu/ZnO/SiO 2 . 65 The ZnO-promoted catalyst deactivated ca. twice as fast as Cu/SiO 2 due to the high stability of the ZnS phase formed upon the decomposition of the sulphur-containing poison molecules. Other studies 66, 67 speculated that the degree of poisoning in the presence of alkylthiols and alkyl disulphide compounds is affected by alkyl chain length and sulphur concentration. It was proposed that catalyst deactivation may be due to such factors as the loss of Cu/Zn synergy as well as the reduction in both surface area and the pore volume. These studies pointed to the importance of such factors as the purity of fatty acid ester feedstock, tolerance of catalyst formulations to various feed impurities and the feasibility of applying catalyst regeneration steps to restore the catalytic performance in practical applications.
The performance of ZnO containing catalyst was further studied by the group of Barrault that showed that ZnO alone can activate both the carbonyl group of the ester molecule and dihydrogen. 68 However, ZnO-supported catalysts were also susceptible to fast deactivation in the presence of organic chlorides. 69 Specifically, for the hydrogenation of methyl laurate to lauryl alcohol using a Cu/ZnO catalyst, both conversion and selectivity towards lauryl alcohol selectivity decreased when the chloride concentration in the feed was increased from 0 to 0.5 mmol per gram of catalyst. Characterisation of the spent catalysts indicated a substantial Zn leaching together with the decrease of the surface area and metal particles sintering. Finally, the performance of Cu/ZnO catalysts in the hydrogenation of methyl laurate can also be impeded in the presence of water. 70 The occlusion of active sites, crystallite size growth, and the agglomeration of Cu/Zn particles were proposed to be responsible for deactivation.
Further insight into ZnO-supported catalysts was made by Gustafson et al. 71 who addressed the catalytic activity of Pd-Zn catalysts for hydrogenation of methyl acetate. It was shown that the rate of ester hydrogenation can be controlled by varying the Zn to Pd ratio in the catalyst. In particular, the rate of methyl acetate conversion by Pd-Zn (1 : 2) catalyst is four times higher than that of the Pd-Zn (1 : 1) formulation. However, the introduction of Zn also strongly promoted the transesterification between methyl acetate and ethanol product. This resulted in a decrease in ethanol selectivity from 63 to 46% on raising the Zn to Pd ratio from 1 to 2. Unfortunately, high temperatures and pressures (300 1C, 50 bar H 2 ) were still required for the performance of Pd-Zn catalyst formulation.
Sn and Ge-doped bimetallic catalysts
Despite their utility in chemoselective FAME hydrogenation, 72 Cu-based catalysts display low activity and require harsh reaction conditions. Therefore, the development of alternative catalysts that can operate at milder conditions is essential. Significant progress in this direction has been associated with supported bimetallic catalysts. The activity of these systems stems from the bifunctional nature of catalysis originating when the Lewis-acid promoter(s) are located in close proximity to a transition metal centre. First examples of such catalysts utilized Sn as a promoter for Ru-catalysed hydrogenation of carboxylic acids and their esters.
Seminal studies by the group of Narasimhan 73,74 demonstrated that methyl oleate could be selectively hydrogenated to oleyl alcohol (Scheme 3) in the presence of the NaBH 4 -reduced Ru-Sn-B/Al 2 O 3 (Ru/Sn = 1 : 2) catalyst at 270 1C and 44 bar H 2 pressure. Under these conditions, 80% methyl oleate conversion with 62% selectivity towards oleyl alcohol were obtained within 7 hours. Detailed characterization of the catalyst indicated the importance of an intimate contact between boron and the catalytically active Ru phase. It was suggested that the role of the B promoter was to enhance the electron density of surface Ru species, while the presence of Sn favoured a high dispersion of metallic Ru. X-ray Photoelectron Spectroscopy (XPS) evidenced the presence of Sn 2+ and Sn 4+ species as well as the separate alloyed Ru 3 Sn 7 phase in the final catalyst. Therefore, in a proposed reaction mechanism, metallic Ru sites promote the H 2 dissociation while the adjacent Sn 2+ /Sn 4+ Lewis acid sites polarize the carbonyl group of methyl oleate. The latter facilitates the hydride transfer from the adjacent Ru-H sites to form an anionic species. This species can then be rapidly hydrogenated towards the alcohol via the intermediate formation of a reactive aldehyde molecule (Scheme 4). Simultaneously, the OR 0 moiety adjacent to the carbonyl group is eliminated and converted to an alcohol. The role of the Ru 3 Sn 7 phase in this reaction was assumed to be negligible.
Further analysis of Ru-Sn cooperativity and the role of the catalyst support was performed by Barrault and co-workers. 75 Their data pointed to the involvement of mixed Ru-Sn sites in the hydrogenation reaction that proceeds via a hemiacetal intermediate (Scheme 5).
Rios and co-workers 76 77 Unfortunately, the formation of transesterification products in the absence of catalyst and at temperatures above 200 1C was observed. However, this effect could be reversed to some extent by employing catalysts capable of hydrogenating the transesterification products. Comparison of several other transition metals indicated that bimetallic Ru-Co, Ru-Zn, Co-Zn and Ru-Cu catalysts could not be efficiently used for FAME hydrogenation due to the preferential formation of lauric acid over the desired hydrogenation to lauryl alcohol.
Further research on Sn-promoted catalysts was conducted by the group of Barrault. 68, 75, [78] [79] [80] The authors confirmed the advantage of the Sn-rich Sn-Ru catalyst formulations, and importantly, demonstrated the possibility of substituting the noble metal Ru component by cobalt. All Co-Sn/ZnO catalysts studied by Barrault and co-workers 75 provided moderate conversions of methyl oleate with alcohol selectivities reaching ca. 50% (Scheme 6). Similar to their noble-metal containing counterparts, the active Co-Sn formulations showed a strong interaction between the catalyst components. The cooperative action of the metallic Co and oxidic Sn species represented in the simple from as [Co 0 . . .(SnO x ) 2 ] was proposed to determine the activity of the respective catalyst in ester hydrogenation.
The authors proposed that the Co-Sn interactions are weaker than metal-support interactions 78 and, therefore, the preparation method to obtain Co-Sn catalysts markedly influences catalytic performance. Catalysts reduced by NaBH 4 (CoSnB) were significantly more active than their counterparts prepared by sol-gel or dry impregnation methods. It was concluded that the treatment with NaBH 4 led to a deeper reduction of both Co and Sn catalyst components.
Finally, Ge -another 14 group element, can be used instead of a Sn promoter. Bimetallic 1% wt Ru-x% wt Ge-B/Al 2 O 3 (x = 1-4) catalysts are capable of hydrogenating methyl oleate with conversions up to 80%. 81 However, the yields of oleyl alcohol were low (ca. 20%) due to the competitive hydrogenation of the CQC bond resulting in methyl stearate or stearyl alcohol (Scheme 3). The optimal selectivity to oleyl alcohol was obtained with a Ru : Ge weight ratio of 1 : 2. Surprisingly, deviation towards Ru : Ge ratios of 1 : 1 and 1 : 3 effectively suppressed formation of oleyl alcohol. In all cases, hydrogenation of the CQC bond could not be adequately suppressed and was likely promoted by Ge species covering active surface Ru sites as is suggested by significant broadening in the particle size distribution when moving from monometallic Ru-B (comprising ca. 2 nm particles) to the bimetallic Ru-Ge-B/Al 2 O 3 catalyst composition ( Fig. 1 ).
Catalyst support and solvent effects in ester hydrogenation
Cooperative sites alternative to those provided by group 14 promoters (Sn and Ge) can be located on the catalyst support. Initially, the role of the support surface hydroxyl groups and solvent effects was studied by Li and co-workers for another bimetallic catalyst -Ru-Pt/AlOOH. 82 Prepared by the co-impregnation of Ru and Pt metals onto g-Al 2 O 3 and subsequent hydrothermal treatment converting the support to the boehmite, the resulting catalyst was found to be highly effective at hydrogenating methyl propionate in aqueous environments. Here, the interaction of the substrate with the surface hydroxyl groups as well as water via hydrogen bonding was proposed to promote ester hydrogenation. Under significantly improved conditions (180 1C, 50 bar H 2 ) the catalyst provided methyl propionate conversion up to 90% with 98% selectivity for 1-propanol.
Further insight into the participation of solvent and catalyst support in ester reduction was reported by the same group of researchers 83 using a 7.9% wt Ru/ZrO 2 ÁxH 2 O catalyst (Scheme 7). Similar to their previous work, Li and co-workers highlighted the role of water as a proton acceptor facilitating the heterolytic H 2 cleavage. As a result, a reaction mechanism emphasizing the synergy between the Zr-bound hydroxyl groups, Ru centres and water solvent has been proposed. The hydrogen bonding of the substrate with surface hydroxyl groups (A, Scheme 7) polarizes the carbonyl moiety and facilitates the difficult hydride insertion step (C). The mechanism of H 2 activation was proposed to depend on the solvent employed. In water, H 2 O molecules act as base mediators (D) that transfer H + formed upon the heterolytic cleavage of H 2 to the pre-coordinated substrate molecules (E). Therefore, the subsequent hydrogenation of the substrate molecule is facilitated. When the reaction is carried out in organic solvent, the ester functionality itself plays the role of the base in the heterolytic H 2 cleavage (B), making the overall process less efficient. These considerations were supported by the experimental observations on the strong promoting effect of the water solvent compared to hexane and different short-chain alcohols and diol solvents. In aqueous medium the yields of 1-propanol were close to 95% at temperatures as low as 150 1C.
Carvalho and co-workers 84 have also evaluated a series of related catalysts based on aluminium pillared clays, denoted as Al-PILC, for the hydrogenation of diesters such as dimethyl adipate. Even in the absence of Ru and Sn metals, these catalysts afforded up to 95% ester conversion, although with no selectivity for diol product. This activity was attributed to a high concentration of surface acid sites (3 per nm 2 ) within the clay structure. The hydrogenation of diesters can in theory yield a wide range of products since either one or both carbonyl groups may be converted to acid, alcohol and alkane. Scheme 8 summarizes the possible reactions products for methyl adipate hydrogenation.
The formation of other products apart from 1,6-hexanediol over Al-PILC supported Ru catalysts could be reduced by roughly 50% upon the addition of barium that is believed to reduce the clay acidity.
The addition of Sn to Ru was beneficial in terms of conversion and selectivity to commercially important cyclic products, such as e-caprolactone, methyl caproate and caproic acid. Dimethyl adipate hydrogenation was also examined in the presence of Ru-Sn catalysts on different supports by the group of Fraga. 85 It was suggested that Sn enhances the formation of 1,6-hexanediol for bimetallic 2% wt Ru-4.7% wt Sn (Ru/Sn = 1 : 2 molar) catalysts. No diol formation was observed using monometallic Ru catalysts, suggesting Ru-Sn cooperativity to be crucial for the diol formation. Furthermore, the type of the support was also found to influence the diol selectivity. In the series TiO 2 4 CeO 2 4 SiO 2 4 Nb 2 O 5 4 Al 2 O 3 , the selectivity dropped from 29% to 6% in a 10 h experiment at 255 1C under 50 bar H 2 .
Other studies [86] [87] [88] [89] have suggested that the relative concentrations of metallic and ionic Sn species can be controlled by the type of the support material used in the catalyst. In particular, metallic Sn species are found to be favoured on acidic and amphoteric supports such as carbon and TiO 2 , 86, 87 while cationic Sn 2+ /Sn 4+ species are predominantly formed on basic oxides such as Al 2 O 3 and MgO. 75, 88 It is important to note that on Al 2 O 3 , the existence of both metallic and ionic Sn species has been acknowledged. 73, 75 
Coinage metal-based catalysts for hydrogenation of FAMEs and diesters
Finally, coinage metals (Cu, Ag, Au) can act as promoters to platinum group metals or comprise potent FAME hydrogenation catalysts on their own. For example, bimetallic Pd-M (M = Cu, Co, Ni) catalysts supported on diatomite show the highest catalytic activity when Pd is promoted by Cu. 90 A 1% wt Pd-Cu (3 : 1)/diatomite catalyst tested in hydrogenation of methyl palmitate, stearate and laurate was very active and allowed a methyl palmitate conversion of 98% with 84% selectivity to 1-hexadecanol ( Table 1) . The transesterification product, palmityl palmitate, was also formed along with n-hexadecane resulting from the dehydration of 1-hexadecanol. The former reaction becomes dominant at elevated temperatures where a substantial decrease in the yield of 1-hexadecanol was observed.
Extensive attention in the literature has been paid to the use of Cu-based catalysts for the hydrogenation of diesters, for example, dimethyl oxalate (DMO, Scheme 9) to ethylene glycol (EG). 14, 15, 17, [91] [92] [93] [94] [95] [96] [97] [98] [99] For Cu-HMS (hexagonal mesoporous silica) catalysts, activity depended on the Cu loading, textural and structural properties. 91 Complete dimethyl oxalate conversion and greater than 90% selectivity to ethylene glycol could be achieved using 5% wt Cu/HMS under optimized conditions (200 1C, 25 bar H 2 ). Catalyst characterization revealed small Cu particles and more than one Cu oxidation state in the final catalyst, thereby making it difficult to deduce the active species for this reaction. 17, 92 The effect of Cu source was also studied for Cu(acac) 2 , CuCl, Cu(OH) 2 CO 3 and Cu(NH 3 ) 4 (NO 3 ) 2 precursors. 93 The highest ethylene glycol yield of 98% was achieved by using Cu(NH 3 ) 4 (NO 3 ) 2 . This was attributed to the high concentration and dispersion of active Cu sites, which was determined by the degree of the initial interaction between Cu precursor ions and the support ( Table 2) .
The interest in the utilization of Cu species supported on materials of high surface area and porosity has also been expressed by Yuan and co-workers 94 in their studies evaluating the performance of Cu/SiO 2 hybrid catalysts containing the H-ZSM-5 zeolite. The addition of 3% wt H-ZSM-5 to Cu/SiO 2 increased the conversion of dimethyl oxalate to 99.5% and selectivity to ethylene glycol to 94.8%. This was achieved by the precise modification of growth parameters associated with the cupric phyllosilicate phase, Cu 2 Si 2 O 5 (OH) 2 , 14,94 which resulted in improved surface area, concentration and dispersion of Cu + species. The increased acidity and hydrogen absorption capacity 100 of H-ZSM-5 may also account for the enhanced activity shown by the hybrid catalysts. Noteworthy, product distribution varied considerably depending on the acidic properties of the support. Whereas the high selectivity to ethylene glycol was reached with Cu/SiO 2 , the etherification product, 2-methoxyethanol (2-ME, Scheme 9), was the main product formed over Cu/Al 2 O 3 catalysts. 99 However, simply changing the solvent from methanol to 1,4-dioxane could minimise the formation of 2-ME and simultaneously increase the yield of ethanol to 95.5% by suppressing efficiently the etherification path.
Some improvement in the DMO hydrogenation activity was associated with further optimization of the Cu/SiO 2 catalyst preparation procedure. The ammonia-evaporation method 96 for Cu deposition onto SiO 2 , and a post-synthetic impregnation with boric acid 97 both yielded active and selective catalysts. Cooperation between Cu 0 and Cu + states was proposed to define the catalytic activity, while the boric acid was proposed to regulate the Cu 0 /Cu + content through the strong interactions between the acidic boric oxide and Cu species. Dialkyl oxalates are also readily hydrogenated at reduced temperatures and pressures over supported bimetallic Au-Ag and Au-Cu catalysts. 97, 98 A dramatic improvement of dimethyl oxalate conversion in Au-catalysed hydrogenation was observed upon introduction of Ag into the SBA-15-supported catalyst ( Table 3) . 97 Addition of small amounts of Ag to Au/SBA-15 resulted in almost full conversion of DMO, even at temperatures as low as 145 1C. The product distribution (methyl glycolate vs. ethylene glycol) depended on reaction temperature and relative catalyst composition. For several bimetallic Au-Ag catalysts, the major product at 145 1C was methyl glycolate while ethylene glycol was mainly formed at 235 1C. A nearly 100% selectivity was obtained with 8% wt Au-4.5% wt Ag/SBA-15. Authors suggested the importance of the concerted action of the Au-Ag pair. Namely, the interaction with H 2 is facilitated by silver 101 while Au has a strong affinity for the carbonyl group. 102 The resulting cooperative action of this catalyst is therefore similar to that of Ru-Sn 74 and Pt-Re 103 systems.
Bifunctional heterogeneous catalysis for the hydrogenation of carboxylic acids
Hydrogenation of free carboxylic acids to alcohols also represents an industrially important reaction. Selectivity in this reaction depends on the type of catalyst used and apart from alcohol products, alkanes and CO 2 can be produced via decarboxylation. 104 Similar to ester hydrogenation, common acid hydrogenation catalysts are bifunctional and exploit metal-metal, metal-support or more complex ensembles of bimetallic pair and catalyst support cooperations altogether.
An extensive study of a series of transition metal catalysts containing group 6-10 elements was carried out by Fuchikami and co-workers in 1995. 105 Authors reported a near negligible performance of monometallic catalysts in the hydrogenation of pentadecanoic acid at 180 1C and 100 bar H 2 pressure. Interestingly, they achieved extremely high alcohol yields using bimetallic catalysts comprising early transition metal carbonyl complexes in contact with a late metal complex at substantially lower temperatures (140-160 1C) . Prime examples included Ru(acac) 2 or Rh/Al 2 O 3 in combination with Re 2 (CO) 10 or Mo(CO) 6 precursors, all of which gave pentadecanol yields in excess of 90%. These bimetallic catalysts were shown to preferentially hydrogenate the carboxylic acid function in the presence of esters. Namely, a monomethyl ester of a, o-pentadecane dicarboxylic acid was hydrogenated to o-hydroxy ester in yields over 80%. This work laid the foundation for the development of various bifunctional catalysts for carboxylic acid hydrogenation. In fact, the majority of bimetallic combinations discovered by Fuchikami were further studied in detail by a number of researchers.
Ruthenium-based catalysts
A significant shift towards lower reaction temperatures in Ru-catalysed acid hydrogenation was reported by Gallezot and co-workers. 106 Their work addressed the hydrogenation of arabinoic acid, which can be produced by oxidative decarboxylation of glucose. At temperatures as low as 80-100 1C, Ru/TiO 2 and Ru/C catalysts could provide nearly full conversions of the acid under 100 bar H 2 pressure. However, the most active 5.1% wt Ru/C catalyst required a sodium anthraquinone-2-sulfonate promoter to achieve the best selectivity towards arabinol (ca. 99%). The promoter was shown to bind to the catalyst support permanently, thus allowing for the catalyst recycling.
In 1996, Tahara compared the effect of several non-toxic Sn precursors 107 for the hydrogenation of rosin to rosin alcohol at 260 1C using bimetallic Ru-Sn/Al 2 O 3 catalysts prepared by impregnation (Scheme 10). The yield of rosin alcohol decreased in the order: K 2 SnO (84%) 4 Na 2 SnO (77%) 4 tin 2-ethylhexanoate (68%) 4 SnCl 2 (22%). Residual K or Na originating from K 2 SnO and Na 2 SnO precursors was experimentally detected in the resulting catalysts. The presence of alkali metals was proposed to promote the CQO hydrogenation activity. It was later established 108 that calcination of Sn/Al 2 O 3 at 650 1C followed by addition of Ru and subsequent reduction at 450 1C provided the most active catalyst. This catalyst was used in the hydrogenation of a range of aliphatic and aromatic acids to their corresponding alcohols (yields in brackets), including hexanoic acid (86%), lauric acid (94%), 2-ethylhexanoic acid (67%), cyclohexane carboxylic acid (74%), oleic acid (76%) and benzoic acid (94%). These results show that such Ru-Sn catalyst can selectively hydrogenate the CQO bond without hydrogenating CQC and aromatic groups. Toba et al. 109 compared the hydrogenation of a series of dicarboxylic acids using a 2% wt Ru-Sn/Al 2 O 3 catalyst at 250 1C and 65 bar H 2 pressure. Authors found that high conversion of isophthalic, succinic, suberic and phthalic acids was possible, although the product selectivity varied significantly. Very low diol yields were obtained with succinic and terephthalic acid substrates, while high diol yields in excess of 85% were achieved in the hydrogenation of adipic, suberic and azelaic acids. For succinic acid, the hydrogenation yielded only 10.4% 1,4-butanediol with major products being tetrahydrofuran (57.1%) and g-butyrolactone (30.4%). The structure of the carboxylic acid was assumed to account for all of the by-products described above, since isophthalic (meta-) and terephthalic acid ( para-) could not be converted into lactones, while the other isomer, phthalic acid (ortho-), could be hydrogenated to benzobutyrolactone in high yield (80.4%). Finally, diols were also favoured when the chain length of aliphatic acids was increased. This was explained in part by the difficulty of the ring closure to form lactones with large cycles. Hara et al. 110 studied the effect of addition of Pt metal to Ru-Sn/C catalysts used for the hydrogenation of 1,4-cyclohexanedicarboxylic acid (CHDA, Scheme 11) to cyclohexane dimethanol (CHDM). Authors found that the leaching of Sn metal from the bimetallic Ru-Sn catalysts in the presence of acids could be largely suppressed by the addition 2% wt Pt. Addition of Pt was also suggested to promote the reduction of Ru and promote Ru-Sn interactions. Alternatively, Pt could enhance the catalytic activity by promoting the reduction of Sn species. This ultimately led to increased selectivity to the CHDM product. However, harsh conditions (230 1C, 85 bar H 2 ) were still required to achieve a high CHDA conversion and obtain selectivity to CHDM greater than 80%.
The formation of Ru-Sn ensembles was also proposed by the group of Zhu, 111 who highlighted a relationship between the choice of Sn precursor and catalyst support for the hydrogenation of CHDA. Al 2 O 3 was the preferred support that enhanced the activity and provided CHDM yields close to 98%.
Chemoselective hydrogenation of acids using Ru-Sn catalysts was also realized. The oleic acid reduction to oleyl alcohol using a boron-doped Ru-Sn/Al 2 O 3 catalyst was studied by Pieck and co-workers. 112 Authors found that CQO hydrogenation proceeds with a higher activation energy that the competing CQC hydrogenation, which resulted in an optimal yields of oleyl alcohol achievable at higher temperatures.
The influence of preparation routes of Ru-Sn/Al 2 O 3 and TiO 2 catalysts on oleic acid hydrogenation activity was investigated by Mendes et al. 113 The sol-gel and conventional impregnation methods were compared. It was concluded that Ru-Sn/TiO 2 prepared by impregnation was more active and selective towards oleyl alcohol. Monometallic Ru counterparts were also found to be active for this reaction and favoured the production of stearyl alcohol over oleyl alcohol. This therefore confirms previous suggestions that Sn suppresses the CQC bond hydrogenation path and promotes CQO hydrogenation by polarizing the carbonyl group via the interaction with the Lewis acidic Sn sites.
Since Ru/TiO 2 catalysts in particular were shown to be capable of hydrogenating the CQO bond in the absence of Sn promoter, the role of titania was discussed in detail and a reaction mechanism was proposed (Scheme 12).
Surface Ti 3+ defect sites were suggested to participate in the hydrogenation of the carbonyl group of the carboxylic acid. This reaction mechanism features the strong metal support interactions, with titania not only stabilizing highly dispersed Ru particles needed to facilitate hydrogenation but also playing a direct role in the reaction by polarizing the carbonyl group. Studies by Vannice and co-workers 114 also confirmed the oxide support involvement in the hydrogenation of acetic acid over supported Pt catalysts and render TiO 2 to be superior to SiO 2 , A1 2 O 3 and Fe 2 O 3 supports. The reaction was suggested to directly involve the interaction with the sites on the oxide surface.
Recently, Corma and co-workers 115 compared the activity of Ru nanoparticles supported on TiO 2 and carbon (0.64% wt Ru) in hydrogenation of lactic acid. Titania-supported catalysts were found to be three-fold more active compared to Ru/C. In addition to activation of the carbonyl group over TiO 2 , the activity was shown to be influenced by the metal loading and dispersion. In particular, the high activity of Ru/TiO 2 was attributed to the formation of small and highly dispersed Ru nanoparticles (ca. 2.0 nm) on TiO 2 and strong metal-support interactions. The resulting catalyst was shown to remain active in at least three successive reactions.
Ru-based catalysts can also be promoted by Mo oxide phases. Report by Zhu and co-workers 116 Two pathways were proposed for the hydrogenation over Ru-Mo/ZrO 2 ; one leading to methane, ethane and CO 2 , and the other to propanol and propane. The first pathway was proposed to take place over Ru-only particles, where the C-C bond adjacent to carbonyl group in propanoic acid is cleaved, yielding methane, ethane and CO 2 . The second mechanism is promoted by Ru-MoO x interface via the formation of an Z 2 -coordinated propanoyl intermediate where metallic Ru sites in close contact with MoO x species interact with the carbon and oxygen atoms of the carbonyl group, respectively. The existence of absorbed propanoyl species was evidenced by diffuse reflectance FTIR (DRIFTS) spectroscopy. The selectivity towards propanol under continuous flow conditions (190 1C, 64 bar H 2 ) was increased by careful variation of the Ru/Mo atomic ratio and the best result was 64% selectivity at 58% conversion.
A similar mechanism was suggested for hydrogenation of propanoic acid over supported monometallic Ru catalysts. 117, 118 Among the different supports studied, the adsorbed propionate and propanoyl species were found to be most stable on ZrO 2 . Furthermore, the presence of a high number of Lewis acid sites and strong metal support interactions after Ru addition was deemed crucial for selective CQO hydrogenation due to the formation of metal-acid surface sites. 117 This result suggests that the development of metal-acid cooperative sites is critical for limiting the C-C bond cleavage, which is more pronounced over Ru catalysts containing fewer Lewis acid sites and weaker metalsupport interactions. 118 
Rhenium-promoted catalysts
Although the promise of Re-promoted catalysts was first outlined in the 1960's, 119, 120 and followed by studies in the early 1980's which recognised the ability of rhenium heptoxide at forming synergistic combinations with other metals (e.g. Pd, Pt, Rh, Ru), 105 the interest in applying such systems for carboxylic acid hydrogenation was mainly revived in the 2000's. One of the first applications of Re-promoted catalysts was the hydrogenation of fumaric acid. This reaction was particularly challenging due to the necessity to control the distribution of reaction products that can include succinic acid, g-butyrolactone (GBL) and tetrahydrofuran (THF) apart from the diol (Scheme 14). 121, 122 This exemplifies a particular challenge of the dicarboxylic acid reduction, where intermediate formation of lactones, followed by partial reduction to cyclic ethers can completely inhibit the reduction to diols. For instance, kinetic studies 123 using an Ru-Re catalyst indicated the formation of GBL and THF as main products under semi-batch conditions (250-270 1C). Analysis of the rate parameters revealed that subsequent hydrogenation reactions could only proceed once the concentration of fumaric acid approached a minimum and after sufficient amounts of succinic acid had been formed.
The hydrogenation of aqueous 5% wt succinic acid to 1,4-butanediol using Re-promoted catalysts was studied by Especel and co-workers 124 Prepared by impregnation or surface reduction techniques, Re-Pd/TiO 2 catalysts reduced in H 2 at 450 1C were effective in selective 1,4-butanediol production at a relatively low temperature of 160 1C. Characterisation of catalysts prepared by surface redox reaction of the Re precursor with monometallic Pd catalyst evidenced a good dispersion of Pd and Re although the authors did not investigate the oxidation state of two metals. Previous detailed characterisation studies [125] [126] [127] [128] have underpinned the difficulty of reaching the full reduction of Re to the metallic state due to its high oxophilicity; such studies indicate that Re is present as ReO x species next to metallic Pd on titania. Interestingly, the amount of Re needed to induce the Pd-Re synergy can vary nearly 5-fold depending on the catalyst preparation method. Re loadings of at least 3.5% wt were required when the catalyst was prepared by impregnation compared to only 0.6-0.8% wt for the surface redox preparation.
The monometallic Pd catalysts studied by Especel and co-workers 124 were mainly selective for GBL. Addition of Re to Pd/TiO 2 resulted in complete conversion of succinic acid and GBL with the selectivity to 1,4-butanediol over 80% with shorter reaction times. In other work, 130 addition of Re to carbonsupported Ru and Pt catalysts allowed to achieve increased conversion of succinic acid to 1,4-butanediol under batch conditions (160-180 1C, 150 bar H 2 ), with 1,4-butanediol selectivity and yield exceeding 60%. No significant loss of performance was observed during catalyst recycling. Again, high Re loadings were needed to induce the synergy between Pt/Ru and Re. The improved selectivity was attributed to the reduced contribution of dehydration reactions resulting in alkane by-products. The extent of alloying between the metals was brought into question with TEM measurements, which revealed a bimodal particle size distribution for 4% wt Re-2% wt Ru/C catalyst, represented by small (2-3 nm) Ru-rich particles and large (15-60 nm) particles with Ru-Re or Re-only composition.
The general promotional effect of Re in bimetallic catalysts is exemplified by Dumesic and co-workers, 131 who examined the hydrogenolysis of cyclic ethers to their corresponding diols using both experimental and theoretical tools. A 4% wt Rh-ReO x /C (1 : 0.5) catalyst was found to promote the key reaction steps: acid-catalysed ring opening, cracking and hydrogenation over bifunctional acid sites formed by the close contact of Rh and Re species. In terms of performance, moderate conversion of 2-(hydroxymethyl)-tetrahydropyran and 97% selectivity to 1,6-hexanediol was achieved in water using a flow reactor at mild conditions (120 1C, 34 bar H 2 ). This work emphasizes the importance of hydroxyl groups, specifically those associated with oxophilic Re in close proximity to Rh atoms. Such Re-OH groups are considered to exhibit a pronounced Brønsted acidity. They are proposed to assist at the key steps of the reaction mechanism involving proton transfer to the cyclic ether and formation of the carbenium transition states leading to the selective formation of diol. Recent works by Tomishige 132 and Hardacre 103, 133 further demonstrated the versatility of Re-containing catalysts for the hydrogenation of C 6 -C 18 fatty acids including hexanoic, capric, palmitic and stearic acids. Using a ReO x -Pd/SiO 2 (Pd/Re = 1 : 8 molar) catalyst, fatty alcohol yields in excess of 92% were obtained for all fatty acids investigated after 16-24 hours reaction (140 1C, 80 bar H 2 ). 132 For shorter chain fatty acids including hexanoic and octanoic acid, alcohol yields exceeded 98% and only trace amounts of alkane products were observed due to the suppression of both fatty acid decarboxylation and fatty alcohol dehydration.
Interestingly, Tomishige found that Pd/SiO 2 had no activity for stearic acid hydrogenation while marginal activity was demonstrated by ReO x /SiO 2 . It was therefore proposed that the activity was defined by ReO x rather than Pd species. This contrasted the findings of Hardacre, 103 who encountered the opposite alcohol selectivity trend for Pt-Re/TiO 2 (60-80%) and monometallic Pt/TiO 2 (93%) catalysts in stearic acid hydrogenation. This reaction was successfully carried out at 120 1C with only 20 bar H 2 pressure -the conditions that were unprecedentedly mild at the time of publication. The addition of Re to Pt/TiO 2 resulted in a strong enhancement of the hydrogenation activity and partially decreased the alcohol selectivity giving rise to alkane by-products. Selectivity to stearyl alcohol did not correlate with Re content, however, the rate of reaction increased with Re loading up to a value of 4% wt .
Major by-products of stearic acid hydrogenation comprised C 17 alkanes formed via the decarboxylation of stearic acid.
Taking into account previous findings reported by Mendes et al., 113 several mechanisms were proposed to account for the product selectivities over Pt and Pt-Re sites on TiO 2 (Scheme 15). For Pt/TiO 2 catalysts, the formation of Ti n+ defects/oxygen vacancies was viewed as essential for activating the carbonyl group while Pt facilitated the hydrogenation reaction. For bimetallic Pt-Re catalysts, the presence of highly oxophilic Re centres may facilitate the hydrogenation of carboxylic acids to form alcohols and alkanes via different mechanisms also involving the interaction with the oxygen atom of the carbonyl group. A subsequent study 133 employed in situ EXAFS measurements to shed light on the interplay between the catalyst activity, Pt-Re interactions and the involvement of reaction solvent and the catalyst support. Experiments were designed to evaluate reduction phenomena in both liquid and gas phases, with gas phase reaction concluded to be a more efficient approach. Interestingly, the choice of solvent (THF vs. hexane) was proposed to influence the metallic character of the catalyst, albeit to a minimal extent. However, significant differences were observed when reducing Pt and Re metals on Al 2 O 3 and TiO 2 supports. TiO 2 allowed a more efficient reduction of the supported metal species. In addition, supported Pt-Re catalysts applied in hydrogenation of stearic acid 103 were observed to lose activity upon their reuse due to the formation of surface carbonaceous residue in situ. Metal leaching, however, was found to be negligible and it was shown that the original activity of these catalysts could be restored by calcination and reduction in sequence. A partial regeneration of catalytic activity may also suggest the effect of hydrogenation reaction on Pt-Re interactions.
An extraordinary oxophilicity of Pt-Re catalysts render them highly potent CQO reduction catalysts. Particular examples include highly active and selective amide hydrogenation catalysts, that produce tertiary amines from tertiary amides [134] [135] [136] with no C-N cleavage that is typical for homogeneously catalysed amide reduction. 137 A large number of substrates were recently screened by Breit and Stein 134 under mild conditions (ca. 160 1C, 5-70 bar H 2 ) using a 2% Pt-10% Re/graphite catalyst. For a series of cyclic amides more than 99% conversion and excellent selectivity toward the tertiary amine product was achieved. This reactivity of Pt-Re and other catalysts for the hydrogenation of carboxamides has been discussed in great detail in a recent review by Smith and Whyman. 20 
Hydrogenation of functionalized and biomass-derived carboxylic acids
A special focus with respect to catalytic reduction should be laid on functionalized carboxylic acids. Many of these substrates are derived from renewable sources and their conversion is an important step in production of platform chemicals from sustainable feedstock. Functionalized acids typically bear additional oxygen-containing functional groups. Most typical examples include a-hydroxy-, a-keto-, g-ketoacids and dicarboxylic acids such as lactic, pyruvic, levulinic and succinic acids respectively (Scheme 16). Ultimately, the complete catalytic hydrogenation of such compounds should yield 1,2-and 1,4-diols as final products. If the two alcohol groups are far apart in the substrate, side reactions such as formation of lactones can take place depending on the type of catalyst and reaction conditions applied. These trends were described above for the succinic acid hydrogenation and remain valid for other substrates outlined in the Scheme 16.
Hydrogenation of the a-carbonyl function commonly does not present a challenge for catalysis. For example, conversion of pyruvic acid to lactic acid can be performed at 100 1C under 10 bar H 2 pressure using Ru/starbon catalysts. 138 Further hydrogenation of lactic acid to 1,2-propanediol requires significantly harsher conditions. One of the first reports by Miller and co-workers 139 presented a series of supported Ru catalysts capable of selective hydrogenation at mild temperatures (100-170 1C) and elevated H 2 pressures (70-140 bar). It was possible to convert more than 95% of the lactic acid feed into propylene glycol with over 90% selectivity using a Ru/C catalyst. Both lactic acid conversion and propylene glycol selectivity increased until 150 1C. At higher temperatures the propylene glycol yield decreased due to alcohol dehydration. This catalyst also allowed efficient hydrogenation of other glucose fermentation products such as calcium lactate salts without a significant loss of the catalyst performance.
Using MoO x -doped Ru/C catalyst, Tomishige and co-workers 140 very recently managed to improve the reaction conditions reaching near quantitative yields of propanediol in hydrogenation of lactic acid at 80 1C under 80 bar H 2 pressure. Authors demonstrated a four-fold increase in TOF (up to 114 h À1 ) upon addition of MoO x to the Ru/C catalyst and proposed a reaction mechanism for the hydrogenation (Scheme 17). Finally, very recent works by Li and co-workers 142 on Ir-catalysed hydrogenation of carboxylic acids also clearly demonstrated the efficiency of MoO x promotion. Bimetallic Ir-MoO x /SiO 2 catalysts were superior to their monometallic analogues in lactic and succinic acid hydrogenation at 100 1C and 60 bar H 2 pressure.
The hydrogenation of the carboxylic group in a-oxygenated carboxylic acids is usually straightforward. 143 However, a more complex reactivity can be encountered for the conversion of bio-derived g-ketoacids. 144, 145 The formation of intermediate products such as lactones can be encountered for substrates, containing more than one functional group. Indeed, lactones have been observed during the hydrogenation of levulinic acid (Scheme 18). [146] [147] [148] The major product of this reactions is g-valerolactone (GVL), which can be produced via two reaction pathways, the first of which proceeds via hydrogenation of the ketone group in levulinic acid to form 4-hydroxypentanoic acid (HPA) followed by acid-catalysed dehydration and ring closure to produce GVL. The second pathway involves the dehydration of levulinic acid to form angelicalactones, which can then be hydrogenated to GVL (Scheme 18). A prominent example of selective reduction of LA to GVL is a recently reported study by the group of Weckhuysen 149 who used a set of 1% wt Pd-Ru/TiO 2 catalysts prepared via a modified impregnation (M Im ) route involving addition of excess chloride ions. Such catalysts allowed achieving both high activity (TOF = 0.6 s À1 ) and stable 99% selectivity towards GVL at 200 1C. Authors proposed that Pd promotes the dilution and isolation of active Ru sites, introducing a stabilization effect and thereby preventing the consecutive hydrogenation of the GVL product. Non-noble metals, e.g. Ni, can also be used for production of GVL. Rao and co-workers 150, 151 recently reported 100% LA conversion and 85% GVL selectivity attainable with supported Ni catalysts operating at 250-300 1C in vapour phase. Related transformations of oxygenated carboxylic acids have been studied in great detail and discussed in a recent review by Pinel and co-workers. 152 Further hydrogenation of GVL leading to the formation of 1,4-pentanediol requires harsher conditions to proceed and typically bimetallic catalysts are employed for this transformation. Cong and co-workers 153 studied the activity of Rh/SiO 2 catalysts doped with MoO x in this reaction. Starting from aqueous levulinic acid, authors achieved nearly full acid conversion and good 1,4-pentanediol (PDO) yields up to 70% at temperatures as low as 80 1C. The synergy between Rh and MoO x was confirmed by referencing the activity of the bimetallic catalysts against one of their monometallic counterparts. Under the same conditions, full conversion of aqueous acetic acid with 83% ethanol selectivity could be obtained. As a result, this work sets a benchmark in terms of the reaction temperature, required to hydrogenate carboxylic acids to alcohols.
Promotion of the noble metal catalysts (e.g. Pd, Pt, Ru) by Re was also shown to result in highly active catalysts for hydrogenation of LA and GVL. By using a 1.9% wt Ru 3.6% wt Re/C catalyst, Pinel and co-workers achieved the diol selectivity of 82% when LA hydrogenation was performed at 140 1C under 150 bar H 2 pressure. 154 Remarkably this reaction was performed in aqueous media.
Apart from Mo or Re doping, one can employ a metalsupport bifunctional catalyst for 1,4-PDO production. A remarkable example reported by Fan and co-workers 155 describes the use of Cu/ZrO 2 catalyst that allows more than 97% 1,4-PDO yields in hydrogenation of GVL at 200 1C under 60 bar H 2 pressure. This catalyst was shown to be stable upon recycling and exhibited no apparent activity loss when reused three times.
Significantly higher reaction temperatures are required to transform levulinic acid or GVL into alcohols using conventional monometallic catalysts. For example, early examples of Cu/Cr 2 O 3 catalysts reported in 1947 by Christian et al. 156 could provide high yields of 1,4-pentanediol (470%) in hydrogenation of pure GVL, ethyl levulinate or levulinic acid only at 250 1C and 200 bar H 2 pressure. Noble metal Ru/C catalyst also require harsh operating conditions (190 1C and 120 bar H 2 pressure) to produce 2-methyl tetrahydrofuran in hydrogenation of GVL. Copper catalysts developed later by Luque and co-workers 157 perform better than Ru/C systems but also generate mainly 2-methyl tetrahydrofuran with PDO formed with only 25% selectivity.
Outlook
The number of heterogeneous catalysts successfully applied for the hydrogenation of carboxylic acid derivatives to corresponding alcohols has grown substantially in recent years. The best reported heterogeneous catalysts are comprised of noble metals in combination with Sn, Mo and Re promoters. The bimetallic composition of these catalysts was demonstrated to be responsible for the activity and selectivity control that is mainly associated with the activation of the carboxylic acid group.
Apart from the metallic additives, the catalyst support itself may act as the promoter and assist in the substrate activation steps or even utilize solvent molecules in catalytic transformations. Therefore, a heterogeneous catalysis researcher ultimately deals with cooperative tri-component systems with vast tuning versatility.
Although rarely discussed in the same framework, the cooperative effects in heterogeneous systems resemble closely ones encountered in homogeneous catalysis. Therefore, in the next part of this review we will address the ester hydrogenation from a homogeneous perspective to highlight the common features of the catalysts developed in these different research fields.
Homogeneous catalysis in hydrogenation of carboxylic acid esters and lactones
Heterogeneously catalysed hydrogenation of carboxylic acid derivatives is mainly focused at the conversion of biomassderived substrates such as oils and fats, GVL and levulinic acid. On the other hand, homogeneous catalysts have a substrate scope significantly broader than that of their heterogeneous counterparts. Apart from aliphatic, aromatic esters and lactones, some homogeneous catalysts are capable of hydrogenating substrates containing chiral centres, various reducible groups or heteroatom functions. Modern state-of-the-art homogeneous catalysts typically operate at significantly lower temperatures than their heterogeneous counterparts, thereby allowing for an exclusive selectivity towards alcohol product. Hydrogenation of carboxylic acid derivatives using homogeneous catalysts has been previously described as a part of several comprehensive reviews. 19, 137, 158, 159 Therefore, we will limit the discussion in the current review to the milestone achievements in the field while also discussing the latest developments in ester hydrogenation catalysis in more detail. A special emphasis will be placed on the mechanistic works, addressing catalytic hydrogenation of esters. Similarities between bifunctional hetero-and homogeneous catalysts will also be discussed in an attempt to bridge these two fields.
Early works and the Triphos catalysts
One of the first examples of a homogeneous catalyst for the hydrogenation of activated esters was reported in 1980 by Grey and Pez. [160] [161] [162] Methyl and trifluoroethyl trifluoroacetate esters were hydrogenated to corresponding alcohols with good yields (488%) at 90 1C and 6 bar H 2 . A potassium hydridophosphine ruthenate complex K 2 [(Ph 3 P) 3 (Ph 2 P)Ru 2 H 4 ]Á2(C 6 H 14 O 3 ) was used in these studies at approx. 0.3% mol loading with respect to the ester substrate. Several years later, Piacenti and co-workers reported the first hydrogenation of a non-activated ester substrate. 163 Using a Ru(CO) 2 (CH 3 COO) 2 (PBu 3 ) 2 complex, the authors achieved full conversion in the hydrogenation of dimethyl oxalate to methyl glycolate. However, the reaction required high temperature and pressure (180 1C, 132 bar H 2 ) and further hydrogenation of methyl glycolate to ethylene glycol was hampered. In 1991, Hara and Wada reported the hydrogenation of anhydrides and lactones using a catalyst formed in situ from Ru(acac) 3 and trioctylphosphine. 164, 165 A substantial improvement of the catalyst performance in the presence p-toluenesulfonic acid (PTSA) or H 3 PO 4 additives was reported for the hydrogenation of g-butyrolactone to 1,4-butanediol (200 1C, 50 bar H 2 ).
Early examples of ester hydrogenation catalysts utilized high operating temperatures and pressures. A major improvement in this respect was achieved by Teunissen and Elsevier with the introduction of TriPhos type of ligands. 166 They applied a TriPhos Ph ligand in combination with Ru(acac) 3 in dry methanol for the hydrogenation of dimethyl oxalate and achieved ca. 95% yield of ethylene glycol under optimized conditions. The performance of the catalyst operating at 100-120 1C and under 70 bar H 2 pressure was enhanced by the introduction of metallic zinc. This accelerated the reduction of the initial Ru 3+ species, thereby enabling a fast precatalyst formation. Using the same approach, the hydrogenation of aromatic and aliphatic esters was further developed 167 with a particular focus on the hydrogenation of dimethyl phthalate, a substrate, at that time, had only a single previous example of catalytic hydrogenation. 168 The performance of Elsevier's catalytic system in dimethyl phthalate hydrogenation strongly depended on additives and while the addition of zinc deteriorated the catalytic activity, promoters such as NEt 3 and HBF 4 significantly increased alcohol yield. Ultimately, a 78% yield of 1,2-bis-(hydroxymethyl)-benzene was achieved using 1.5% mol catalyst in i PrOH solvent in combination with HBF 4 at 85 bar H 2 pressure and 100 1C.
Although harsh operating conditions still represent a major drawback of the TriPhos system, a number of works recently reported its improved performance for the hydrogenation of non-activated esters and dicarboxylic acids. [169] [170] [171] The latter is particularly interesting, since the examples of homogeneouslycatalyzed hydrogenation of free carboxylic acids are scarce. Studies by Leitner and co-workers established the activity of the Ru/TriPhos system for the hydrogenation of levulinic (LA) and itaconic (IA) acids. These biogenic substrates could be converted into diols, lactones and cyclic ethers depending on the ligands and additives used. Typically, operating at 160-200 1C and under 100 bar H 2 pressure, the researchers managed to fully convert both IA and LA. The major product (96% yield) of IA hydrogenation in the presence of PTSA and NH 4 PF 6 was 3-methyltetrahydrofuran, while 2-methylbutanediol was formed selectively when no additives were present. A similar trend was observed for LA hydrogenation, which yielded g-valerolactone under additive-free reaction conditions and 2-methytetrahydrofuran in the presence of NH 4 PF 6 and sulfonated ionic liquid. 172 These important examples demonstrate the utility of Ru/TriPhos catalysts for very selective reduction of acids with a possibility to alter the final product by choosing specific additives.
Bifunctional homogeneous catalysts for ester hydrogenation
Similar to heterogeneous catalysis, the majority of active homogeneous ester hydrogenation catalysts are bifunctional. The first example of such catalysts for the hydrogenation of esters was reported in 2006 by Milstein and co-workers. 173 A ruthenium lutidine-based 16-electron pincer complex A (Scheme 19) was able to hydrogenate a broad range of non-activated esters at a relatively mild temperature of 115 1C and a low H 2 pressure of only 5.4 bar. The major improvement, associated with the use of A, was the possibility of operation under neutral conditions without additives. The bifunctional action of Milstein's catalyst relied on the reversible aromatization/dearomatization of the pyridine ligand backbone in A. 174 In the dearomatized state, complex A contained an acid-base pair consisting of a metal centre and a deprotonated ligand sidearm, which was found to act in a concerted manner to activate H 2 through a heterolytic mechanism (Scheme 19).
The class of bifunctional pincer catalysts based on ligands with aromatic backbones was further expanded with the use of N-heterocyclic carbene (NHC) ligands. Milstein and co-workers reported a ruthenium CNN-pincer B (Scheme 20) based on a bipyridine backbone. 175 In the presence of 1% mol KO t Bu, complex B was able to convert aromatic and aliphatic esters at 135 1C under 5.4 bar H 2 pressure. Simultaneously, Song and co-workers 176 presented an Ru-CNN pincer complex C resulting from the incorporation of the NHC donor group instead of phosphine in the original Milstein Ru-PNN catalyst A. The resulting pincer catalyst exhibited hydrogenation activity superior to that of the phosphine-based analogue A. At 105 1C and under 5.3 bar H 2 pressure, catalyst C required at least two-fold shorter reaction times to achieve similar levels of conversion. The use of bis-NHC pincer complexes for ester hydrogenation was recently reported by our group. 177 The Ru-CNC pincer complex D was capable of producing up to 1000 turnovers in methyl benzoate hydrogenation at 70 1C under 50 bar H 2 pressure. Finally, in 2011, Milstein and co-workers reported an outstanding Ru-PNN pincer catalyst E for hydrogenation of organic carbonates and formates. 25 The best performance was achieved in THF solvent at 110 1C under 50 bar H 2 pressure. At catalyst loadings of only 0.02% mol , E (Scheme 21) promoted the hydrogenation of methyl formate and dimethyl carbonate to methanol with 94 and 88% yields, respectively, with TON values of over 4400.
A common feature of catalysts A-E is the bifunctional behaviour based on the reversible aromatization/dearomatization of the ligand backbone, and this type of bifunctional catalysts has been recently reviewed by Milstein and co-workers. 31 A second large class of ester hydrogenation catalysts showing a pronounced bifunctional behaviour was originally developed by Noyori, 178 Morris, 179,180 Ikariya 181 and Gao 182 for highly efficient hydrogenation of ketones and imines. 178, 181, 183, 184 Typical catalysts of this type contain bidentade (N,N), (P,P) or hybrid (N,P) ligands and rely on reversible amine/amide transformation that forms the basis for their bifunctional behaviour. Generally speaking, such behaviour (Scheme 22) requires a ruthenium amide function that assists in H 2 cleavage over the Ru-NR bond. An Ru amino hydride complex, produced in this reaction, contains RuH dÀ and NRH d+ groups that can interact with, and hydrogenate substrates in the second coordination sphere. Subsequent concerted transfer of the hydride and proton to carbonyl group of the substrate regenerates the initial amido complex and yields the hydrogenated product.
The presence of the cooperative amine function in the immediate vicinity to the metal centre typically results in more active ester hydrogenation catalysts when compared to Milstein-type systems. The first example of catalytic hydrogenation of esters using Noyori-type catalysts was reported by Saudan et al. 185 Among several ruthenium complexes with chelating (N,P) and (P,N,N,P) ligands, catalysts F and G (Schemes 23 and 24) were the most active. Remarkable performance in the hydrogenation of a wide range of benzoic acid esters was exhibited by catalyst F (Scheme 23). Both rapid and near complete conversion was found to be possible using mild conditions and very low catalyst loadings (0.1-0.01% mol ). The performance of catalyst F was also superior to that of previously described pincer complexes A-D as well as TriPhosbased systems, although direct comparison of the catalysts is complicated due to the different nature of the substrates and variation in reaction conditions. The maximum TON value obtained over F, is ca. two-fold higher than that of the most active Milstein-type catalyst E.
Probably the most striking improvement made by Saudan et al. was the disclosure of the chemoselective hydrogenation of esters using catalyst G (Scheme 24). Here, authors overcame a typical problem of active hydrogenation catalysts, that is, the intolerance to other reducible functionalities such as carboncarbon double bonds. They demonstrated that the degree of substitution at the double bond and its location could directly influence the chemoselectivity of the reduction. Whereas internal alkene functionality could be preserved, terminal alkenes and a,b-unsaturated substrates lost their olefin function during hydrogenation. Authors further demonstrated that the ester reduction path is kinetically preferred over the olefin reduction. This fact suggests that it may be possibility to improve the yields of unsaturated alcohols through optimisation of the process conditions. Following this breakthrough, the performance of the Noyoritype catalysts was explored by Clarke and co-workers, 186 who developed a convenient procedure for hydrogenation of various esters at near-ambient temperature using isolated or in situ formed Ru catalysts with bi-and tridentate aminophosphine ligands (Scheme 25).
Another class of exceptionally active ester hydrogenation catalysts is based on amino-pincer ligands. The major difference with conventional Noyori type catalysts is the presence of three donor groups in the ligand that bind in a meridional manner.
The presence of amino pincer ligands is responsible for the bifunctional nature of these catalysts as illustrated by the reports from the groups of Grützmacher 187 and Schneider. 188 One of the first examples of an amino pincer catalyst for ester hydrogenation was reported in 2011 by Saito and co-workers from Tagasako corp. They disclosed catalyst H (Scheme 26) -a system specifically designed for industrial applications. 189 The catalyst tolerated methanol solvent that simplified the workup of methyl ester hydrogenation reactions. At S/C = 1000-2000, catalysts H and H*BH 4 were active in hydrogenation of aromatic, aliphatic and chiral esters (Scheme 26). For example, 2-((L)-menthoxy)ethanol was obtained in 87% yield from the corresponding methyl ester at S/C = 2000. Importantly, catalyst H*BH 4 also efficiently converted the protected aand b-amino acids into corresponding amino alcohols with negligible loss of optical purity.
The current state of the art catalysts for the hydrogenation of esters were developed by Gusev and co-workers. In 2012, authors introduced a family of Ru and Os PNN-pincer catalysts based on picolylamine-derived backbone with a phosphine donor group attached to it via an ethylene linker (I-L, Scheme 27). 190 A wide range of aliphatic and aromatic esters were hydrogenated in good to quantitative yields at S/C = 2000. An outstanding TON value of 20 000 for the most active Ru-PNN catalyst L in hydrogenation of methyl benzoate was achieved. Catalysts I-L also showed activity in hydrogenation of triglycerides and with partial preservation of the olefin functionality in case of oleic acid esters. Typical operation using catalysts I-L required temperatures of 100 1C and 50 bar H 2 pressure.
Further research by the same group led to the development of a family of Ru-SNS pincer catalysts 191 (Scheme 28) structurally similar to Takasago catalyst H. The most active of them, catalyst M, currently holds the record in ester hydrogenation activity with unprecedented turnover numbers up to 58 400 achieved in hydrogenation of neat ethyl acetate at only 40 1C. A rough estimation of hydrogenation TOF (turnover frequency) gives a value of 4900 h À1 for a 2 hour experiment (100 1C, 50 bar H 2 ) using methyl hexanoate as a model substrate (Scheme 27). Due to the combination of its high activity and ease of preparation, Gusev's Ru-SNS catalyst has been commercialised. 192 Surprisingly, the aminopincer ligand platform can promote chemoselective ester hydrogenation. Very recently, Gusev and co-workers 193 In summary, we have witnessed a tremendous progress in Ru catalysis over the last years. The high stability of newly disclosed transition metal complexes results in remarkable TON values that nearly reached 100 000 (2014). The improvement in catalyst performance is, however, challenging to quantify. This obstacle mainly originates due to different reaction conditions applied by different authors. Secondly, the substrate scopes of different catalysts rarely overlap, making it troublesome to select a single reference substrate. Nevertheless, the most common substrate -methyl benzoate, can be used to compare the performance of the state-of-the-art catalysts and illustrate the progress made in the field towards the development of highly efficient catalysts ( Table 4 ). The scale of ester hydrogenation typically does not exceed several hundred mmol in laboratory setups; yet, several scale-up efforts have been reported. The most appealing example is the Ru-MACHO catalyst H, which was shown to operate at a tonne scale. 189 In addition, recent report by Guan and co-workers discloses the utility of a number of catalysts described in Section 4 in hydrogenation of coconut oil on a 100-1500 gram scale. 196 
Iron pincer catalysts for ester hydrogenation
A new direction in catalytic ester hydrogenation emerged in early 2014 with the publication of three independent reports on Fe-catalysed hydrogenation of activated and non-activated esters. The group from Milstein was the first to acknowledge that ''the substitution of expensive and potentially toxic noble-metal catalysts by inexpensive, abundant, and environmentally benign metals is a prime goal in chemistry''. 197 Using the dihydrido iron pincer complex Q with cooperative lutidine-derived PNP ligand (Scheme 31), the authors were able to hydrogenate a variety of fluorinated esters in near quantitative yields. Hydrogenation of 2,2,2-trifluoroethyl trifluoroacetate was achieved under mild conditions (10 bar H 2 , 40 1C) with yields varying from 98% at S/C = 200 to 64% at elevated S/C = 2000. The hydrogenation of n-butyl trifluoroacetate was also attempted at S/C = 50, but was found to be considerably slower compared to 2,2,2-trifluoroethyl trifluoroacetate.
Catalyst Q was proven to be inactive in the absence of KO t Bu base. The decrease of either hydrogen pressure to 5 bar or reaction temperature to 24 1C required 16 hours to obtain 2,2,2-trifluoroethyl alcohol in 91 and 94% yields respectively. A screening study performed by the authors established the following sequence for the efficiency of the base promoters: NaOMe 4 NaOEt 4 NaO i Pr 4 KO t Bu 4 KH 4 KOH. Etheral solvents (e.g. 1,4-dioxane, THF) afforded the highest catalytic performance while toluene resulted in a lower product yields and the use of methanol led to catalyst deactivation. Eventually, several aliphatic, aromatic or unsaturated fluorinated esters were hydrogenated using 1% mol Q (S/C = 100) in combination with 5% mol NaOMe at 40 1C and 25 bar H 2 . Moderate yields were generally obtained within 16 hours reaction time. Good chemoselectivity with preservation of functional groups such as ethers, aryl groups, internal and terminal CQC bonds was also demonstrated.
Shortly after the report by Milstein and co-workers, two amino pincer catalysts for hydrogenation of non-activated esters were reported by Guan and co-workers (Scheme 32). 198 Iron complexes R and S used by Guan and co-workers were in fact utilized before by Beller and co-workers in aqueous phase methanol reforming in late 2013. 199 Guan and co-workers used the hydrogenation of methyl benzoate as a model reaction to find optimal reaction conditions. At 115 1C and 10.3 bar H 2 pressure the best performance was achieved using toluene as a solvent. A quantitative conversion of methylbenzoate was achieved with 3% mol loading of S in the absence of base promoter. Catalyst R was also active, but only in the presence of 10% mol KO t Bu additive. Therefore, the reactions with R resulting in a 72% yield of benzyl alcohol were carried out in THF in order to dissolve the KO t Bu base. Fe-complex S was further employed in a substrate screening study (Scheme 33) that included several aromatic and aliphatic esters. Significantly higher hydrogen pressures and longer reaction times were necessary for the hydrogenation of aliphatic esters. The hydrogenation tolerated methoxy-and chlorosubstituents but showed no chemoselectivity in the hydrogenation of methyl cinnamate, leading to formation of 3-phenyl propanol. No activity in hydrogenation of methyl salicylate was observed. The authors further evaluated the activity of S in the hydrogenation of fatty acid esters. Reduction of CE-1270, an industrial sample comprised of methyl laurate (C 12 , 73%), methyl myristate (C 14 , 26%) and 1% of C 10 and C 16 esters led to near quantitative yields of the respective alcohols at 135 1C and 52 bar H 2 pressure. Substantial catalyst degradation was already observed after one hour in the scale-up reaction. This effect was, however, minimized by lowering the reaction temperature to 115 1C. The initial rate (TOF1) of CE-1270 reduction was estimated at 137 h À1 .
Simultaneously with Guan, the group of Beller reported the use of S in ester hydrogenation. Noteworthy, this catalyst was reported by the same group as an active nitrile hydrogenation catalyst. 201 At 1% mol loading S was efficient at 100 1C under 50 bar H 2 . It allowed obtaining a 93% yield of benzyl alcohol within 6 hours reaction time. Similar to the report by Guan, no base additive was required to promote the hydrogenation reaction. Despite S requiring no base additive, a comparative base screening study was performed. Surprisingly, the best performance was obtained when no external base was present, with lower yields obtained in the presences of 10% mol of KO t Bu or Na 2 CO 3 . No conversion was observed in the presence of lithium chloride, methyl sulfonic acid or carbon monoxide. An exceptionally large substrate scope for S included aliphatic and aromatic esters, lactones and functionalized substrates (Scheme 34). Good yields were obtained for esters containing O, N, S heterocycles and nitrile groups. In one instance, a chemoselectivity towards ester hydrogenation was demonstrated for esters containing an internal CQC bond.
Mechanisms of ester hydrogenation by homogeneous catalysts
In the final part of the homogeneous catalysis section of this review we will summarize recent mechanistic findings regarding ester hydrogenation reaction. Three typical classes of ester hydrogenation catalysts -TriPhos system, Milstein's Ru-PNN and Ru and Fe amino pincers were studied in detail. Leitner and co-workers 202, 203 published a series of works addressing the reactivity of the TriPhos system. Authors found that activation of precatalyst I-1 (Scheme 35) leads to a set of neutral Ru(II) complexes I-2 and I-5 and an Ru(I) dimer I-4 that were described as being the major source of catalyst deactivation. In addition, deactivation of Ru(II) species by carbonylation was demonstrated experimentally (I-2(5) -I-3). Interestingly, authors found that addition of catalytic amounts of acid avoids formation or reactivation of the carbonylated species I-3. Based on this finding, catalyst deactivation via a carbonylation route known to hamper the catalytic performance in reduction of carbonates, ureas and primary amides could be prevented.
A detailed mechanism was also proposed for the hydrogenation of methyl benzoate (Scheme 36), with the reaction proceeding via formation of a hemiacetal product, resulting from a hydride insertion into the CQO bond of the substrate (I-2a -I-2b, Scheme 34) and subsequent hydrogenolysis of Ru-O bond (I-2c -I-2d, Scheme 36). The latter step was found to be rate determining. The hemiacetal product further undergoes C-O bond cleavage to produce methanol and benzaldehyde, which is subsequently hydrogenated via a similar sequence of steps. This mechanism shares a set of similar features with the one proposed by Li and co-workers 83 for ester hydrogenation using a heterogeneous Ru/ZrO 2 catalyst. The hydrogen activation step in both cases is proposed to proceed via the formation of s-H 2 -Ru complex with subsequent heterolytic cleavage of H 2 molecule assisted by the basic site in immediate vicinity to the metal. In case of the TriPhos catalyst the role of the basic site is taken by an alkoxide group of hemiacetal intermediate, while in the case of Ru/ZrO 2 the latter is done by the water molecule or the alkoxy group of the starting ester.
Milstein's Ru-PNN catalyst was by far the most thoroughly investigated system. Scheme 37 represents the summary of mechanisms of methyl formate hydrogenation reported by Yang (Green Path), 205 Hasanayn (Red Path) 206 and Wang (Blue Path). 207 The reaction typically proceeds via a generation of hemiacetal intermediate and different mechanisms for this step were proposed. Yang 205 outlined the formation of hemiacetal via an ion-pair dissociation and subsequent re-coordination of the alkoxy intermediate to Ru complex. Hasanayn 206 reported this step to proceed via the carbonyl insertion and finally, Wang 207 proposed a hydride transfer mechanism for direct formation of hemiacetal with concomitant dearomatization of the noninnocent PNP ligand. The decomposition of hemiacetal to produce methanol and corresponding aldehyde was also described by several mechanisms. Hasanayn 206 found a direct hydride/alkoxide metathesis pathway that converts methyl acetate into acetaldehyde and methoxy groups bound to the metal centre. Alternatively, Yang 205 and Wang 207 reported the ligand assisted hemiacetal decomposition. In this mechanism, the non-innocent ligand promotes the C-O cleavage to produce the free alcohol and formaldehyde bound to the metal centre. This pathway was shown to be the most favourable by both groups. The participation of the Lewis-acid Ru site in C-O bond cleavage of hemiacetal intermediate was outlined by Yang, 205 Hasanayn 206 and Wang, 207 although different mechanisms were proposed. On the contrary, Leitner and co-workers proposed the decomposition of hemiacetal to take place outside of the metal coordination sphere for Ru-Triphos-catalysed ester hydrogenation. 203 State-of-the art Ru-SNS amino pincer catalysts were also subjected to mechanistic analysis by Gusev and co-workers. 191 The authors demonstrated the crucial importance of the NH amine function in catalyst M, that suggests the ligand participation in catalysis. Furthermore, they managed to isolate a cis-dihydrido Ru-SNS complex (M-2H, Scheme 38) as the final catalyst product in acceptorless dehydrogenative coupling of ethanol to ethylacetate and proposed the ester hydrogenation mechanism, based on this intermediate (Scheme 38). In agreement with proposal by Milstein 173 and Saudan, 185 the first step in the mechanism included the carbonyl insertion into Ru-H bond resulting in a hemiacetal intermediate M-I 1. Interestingly, the authors found the stabilization of the hemiacetal intermediate by the cooperative NH group of the ligand via the formation of NHÁ Á ÁO hydrogen bond. Subsequent internal substitution leads to the bis-(alkoxy) intermediate M-I 2. The latter subsequently undergoes hydrogenolysis via the intermediate formation of molecular hydrogen complexes to yield the alcohol product. This mechanism is conceptually different as it involves the formation of a bis-(alkoxy) intermediate rather than the stepwise formation of aldehyde intermediates and their subsequent hydrogenation, as was proposed for the Milstein Ru-PNP system. 204, 205 In addition, the mechanism proposed by Gusev outlines the participation of the cooperative NH function in several reaction steps. Being consistent with experimental work by Takebayashi and Bergens, 208 this observation provides an additional support for the bifunctional nature of catalysis in ester hydrogenation.
Concluding remarks
Over the past two decades, catalysis for the hydrogenation of carboxylic acids and esters has gathered substantial interest. Researchers managed to develop chemoselective reduction protocols in homogeneous 185 and heterogeneous 107, 108 processes; the efficiency of homogeneous ester hydrogenation catalysts was increased by nearly three orders of magnitude 194 compared with early examples. Some remarkable progress has also been made in heterogeneous catalysts capable of operating at mild temperatures and pressures (ca. 100 1C/20-30 bar H 2 ). These conditions represent the current state-of-the-art for fatty acid hydrogenation.
Improvements in the performance of heterogeneous catalysts were based on the recognition of the importance of metalmetal and metal-support synergy. The bifunctional character is therefore generally accepted for ester hydrogenation catalysis. Such bifunctional ensembles can be formed in several different ways. First examples include bimetallic catalysts in which one metal facilitates heterolytic H 2 cleavage and hydrogenation steps, while the second metal activates the carbonyl group of the acid/ester molecule. Catalysts combining hydrogenation (e.g. Ru, Pt, Pd) and promoter (e.g. Sn, Re, Mo) metals show substantial synergy. In addition, support materials such as TiO 2 and ZnO may assist in carbonyl group and/or dihydrogen activation. Thus, cooperativity between Lewis or Brønsted acid sites and metal hydrogenation function appears to be particularly important. Finally, other components of the reaction medium such as, for example, a water solvent, may also facilitate bifunctional hydrogenation mechanisms over oxide supported catalysts.
Similar to the heterogeneous catalysts, the vast majority of homogeneous ester hydrogenation catalysts are in fact bifunctional in nature. Acid-base non-innocent ligands provide the cooperative function in homogeneous transition metal catalysts. Particularly, Noyori-Ikariya type bifunctional catalysts, based on polydentate amino-ligands, comprise the current state of the art. The application of amino pincer ligand platform currently spans beyond Ru-based ester hydrogenation. As demonstrated in several reports in 2014, the use of PNP amino pincers can induce the activity of otherwise inactive metals, e.g. iridium 209 and iron. The replacement of noble metals in homogeneous ester hydrogenation catalysts can be viewed as the most significant recent achievement in the field, which will likely fuel new research activities.
Two major problems may be mentioned relevant to ester hydrogenation. The first one is the lack of adequate comparison between different catalysts. Considering that the substrate scope and testing conditions vary significantly across the literature, the accurate comparison of different catalysts is not trivial. Secondly, the activity data is typically presented in terms of TON values or product yields, which are crucial from the application point of view, but provide very little insight into the intrinsic activity of the catalyst. This problem can be partially resolved by kinetic studies, where initial hydrogenation rates can be determined. Both aspects have only been addressed to a limited extent so far and invite for follow-up work.
Finally, we stress the importance of resolving the mechanism of carboxylic acid and ester hydrogenation. Homogeneous and heterogeneous catalysts have been applied extensively using complementary experimental techniques. In addition, well-defined homogeneous systems were also subject to rather comprehensive DFT studies. We believe that further development of a molecular understanding of catalytic action of multicomponent homogeneous and heterogeneous systems can ultimately bring together these fields. Given the intriguing similarity of mechanistic proposals put forward for these very different classes, the development of a unified model describing the reduction of carboxylic acid derivatives seems realistic. Such a uniform conceptual description of the reaction mechanism would create a basis for a rational design of new and improved catalysts.
